1. Introduction {#s0005}
===============

Differential diagnosis between Parkinson\'s Disease (PD) and Atypical Parkinsonisms (AP) remains challenging, mainly in the early phases of the disease. Multiple System Atrophy (MSA), mainly the parkinsonian phenotype, and Progressive Supranuclear Palsy (PSP) are the most common mimics of PD, with variable rates of pathologically-proven misdiagnosis ([@bb0125]). Despite the improvement of clinical diagnostic criteria ([@bb0210]), reliable biomarkers to understand the pathophysiology of the diseases and selective degeneration patterns ([@bb0065]), and mainly to early select patients with MSA and PSP for upcoming trials with disease-modifying drugs, are currently an unmet need.

Brain MR imaging enables to better understand the pathological changes of nigral and extranigral structures during the course of the diseases. Even if both PD and MSA are synucleinopathies, in MSA the degenerative process mainly involves the dorsolateral pars of the putamen (clinical phenotype p-MSA) and pons, the medium cerebellar peduncles (MCP) and the cerebellum (clinical phenotype c-MSA) ([@bb0110]). PSP is a tauopathy characterized by early involvement of midbrain structures and superior cerebellar peduncles ([@bb0265]). Impairment of the substantia nigra (SN) is common to these AP, however the neuronal loss in the pars compacta (SNc) proceeds with different patterns: the lateral part of the ventral layer of SNc is the most affected in PD, the medial part is more affected in PSP ([@bb0075]).

According to the patterns of neurodegeneration that characterize PD, MSA and PSP ([@bb0065]), specific MR signs have been described and can be visualized with conventional sequences. Unfortunately, even if their specificity is high, sensitivity is often low ([@bb0180]; [@bb0185]).

The increasing interest for selective iron deposition in neurodegenerative diseases encouraged the use of Susceptibility Weighted Imaging (SWI) ([@bb0170]). Magnetic susceptibility (χ) is a physical property that in brain tissues is mainly related to ferritin and myelin content. The role of iron as a fundamental element for biological processes is well established ([@bb0255]; [@bb0200]): its homeostasis is crucial for correct brain functioning and prevents neurotoxicity. However the exact mechanisms by which iron could act as a trigger for neurodegeneration still need to be understood. The neurotoxic effect of iron could be mediated by a wide spectrum of negative effects such as the production of reactive oxygen species, disruption of mithocondrial functions, oxidation of cathecolamines like dopamine or by acting as a trigger for protein aggregation. Iron binded to ferritin has different tissue physiological concentrations ([@bb0105]), with the highest amounts normally detected in the basal ganglia (globus pallidus, putamen and caudate). Lower values can be measured at the level of cortical grey matter, white matter, midbrain, and cerebellum, whereas the lowest iron concentrations can be detected in the pons, locus coeruleus, and medulla. With normal aging iron accumulation rate is different among brain regions. Deposition involves neurons, astrocytes and microglial cells, whereas oligodendroglial iron levels remain stable ([@bb0030]). Even if it is still under debate whether iron accumulation represents a cause or a consequence of neurodegeneration, specific patterns of iron deposition, different from physiological age-related changes, have been described in different neurodegenerative disorders including PD and AP. Increased total iron levels were demonstrated in the SN of PD, MSA and PSP patients (35%, 59% and 70% respectively, compared to control subjects) and in the striatum of MSA and PSP subjects ([@bb0060]).

The availability of both new imaging techniques sensitive to iron deposition and MR scanners operating at higher magnetic fields enabled to study the inner structure of the SN ([@bb0025]; [@bb0040]; [@bb0230]). The loss of the signal hyperintensity related to nigrosome 1 formation differentiates healthy controls (HC) and PD patients ([@bb0045]; [@bb0175]) indicating a nigrostriatal degeneration. Nevertheless, qualitative studies of the SN with SWI failed to distinguish PD from AP with both 3 T ([@bb0220]; [@bb0190]; [@bb0015]) and 7 T MR equipments ([@bb0080]; [@bb0150]).

In PSP patients qualitative studies focused on assessing the iron content of extranigral regions ([@bb0185]; [@bb0095]) using 1.5 T scanners. Higher hypointensity scores were reported in the red nucleus (RN) of these patients with respect to p-MSA and PD, as well as in the putamen and SN compared to PD. Differences were not confirmed with 3 T MR and only significant putaminal hypointensity emerged in the p-MSA group with respect to PD and HC ([@bb0185]).

Quantitative in vivo imaging of tissutal χ could be a promising approach for differential diagnosis in particular by applying a recently established post-processing technique, namely Quantitative Susceptibility Mapping (QSM) ([@bb0250]).

Primary objective of our study was to compare, at high magnetic field strength, quantitative susceptibility values of the main brain regions affected by the neurodegenerative process in patients with PD, MSA and PSP, in order to evaluate the potential utility of the QSM technique for differential diagnosis.

This study also aimed to investigate possible correlations between magnetic susceptibility values and clinical data.

2. Material and methods {#s0010}
=======================

2.1. Study group {#s0015}
----------------

Consecutive outpatients referring to the Movement Disorders Center of the University of Pisa with a clinical diagnosis of probable PD, MSA or PSP were recruited during 2016--2017.

Diagnosis of PD was done according to the UK Parkinson\'s Disease Brain Bank criteria ([@bb0120]); clinical diagnoses of probable MSA and PSP were done according to [@bb0085] and Litvan criteria, ([@bb0165]; [@bb0260]) respectively. Since 2017, clinical diagnosis of PSP was revised according to the new MDS Society Criteria ([@bb0115]), which were employed for the following diagnosis of PSP and to confirm clinical diagnosis in all PSP patients previously recruited.

Exclusion criteria were: uncertain clinical diagnosis with undetermined parkinsonism or history of another neurodegenerative disorder, claustrophobia or any contraindications to perform MR, the presence of cognitive impairment that could compromise the understanding of the informed consent or interfere with imaging protocol acquisition, relevant white matter lesion load measured by means of the Age-Related White-Matter Changes score (ARWMC) ([@bb0245]), which grades changes from absent to severe on a 4-point scale (from 0 to 3): we excluded patients with ARWMC score \> 2.

Medical ethical committee approved the study and all participants gave written informed consent.

2.2. Clinical data {#s0020}
------------------

Patients were evaluated by a neurologist with experience in movement disorders (R.C. and D.F., 28 and 12 years of experience). Clinical recordings included age, sex, disease duration (years), levodopa equivalent daily dose (LEDD). Motor assessment was performed for each patient in the off-state by means of the II and III subscores of the Unified Parkinson\'s Disease Rating Scale (UPDRS). Even if this scale is not designed for the clinical evaluation of MSA and PSP patients, it was applied to the whole study population to compare disease severity among the three groups. In the PD group the Hoehn and Yahr (H&Y) score was recorded and clinical sub-scores were calculated as a result of tremor, rigidity and bradykinesia items of the UPDRS III for each side. Moreover, PD patients were categorized on the basis of the clinical phenotype into Tremor Dominant (TD) or Postural Instability Gait Disorder (PIGD) ([@bb0135]).

2.3. Brain MRI imaging protocol {#s0025}
-------------------------------

All patients underwent 3 T MR imaging of the brain with a MR750 "Discovery" scanner (GE Healthcare, Chicago, IL) equipped with an 8-channel head coil within two weeks from the clinical evaluation. The standard MR protocol included a 3D T1-weighted acquisition (Time of Repetition, TR = 8.2 ms; Time of Echo, TE = 3.2 ms; Inversion Time, TI = 450 ms; Flip Angle, FA = 12 deg.; voxel size = 1 × 1 × 1 mm^3^, scan duration = 4′33″) and a 3D T2-weighted FLAIR sequence (TR = 7000 ms; TE = 114.9 ms; TI = 1943 ms; FA = 90 deg.; voxel size = 0.5 × 0.5 × 0.6 mm^3^, scan duration = 5′46″) in order to exclude significant brain comorbidities, in particular vascular damage, hydrocephalous or brain tumors that could be responsible for the symptoms or that could interfere with susceptibility measurement.

For each patient affected by MSA and PSP the presence of specific MR signs on conventional sequences was recorded.

For the qualitative evaluation of SN, a 3D multi-echo GRE sequence (Susceptibility Weighted Angiography-SWAN, GE Healthcare) targeted on the midbrain was included in the protocol: TR = 70 ms, average TE = 40 ms (12 echoes), FA = 15 deg., Number of excitations (NEX) = 0.68; spatial resolution = 0.4 × 0.4 × 2.0 mm^3^, scan duration = 3′32″. Acquisition volume covered the whole midbrain and included the pons-midbrain junction and was oriented on an oblique plane perpendicular to the floor of the fourth ventricle.

Quantitative χ maps were obtained with additional SWAN sequences, acquired on the axial plane as two separate sets of images with overlapping coverage. The upper package covered the region from the whole caudate and putaminal nuclei to the superior colliculi, whereas the lower package extended from the splenium of corpus callosum to the MCP. Sequence parameters were the following for both sets of acquisitions: TR = 66.7 ms, TE~1~:ΔTE:TE~16~ = 13:3.3:62.5 ms, FA = 15 deg., NEX = 0.70, spatial resolution of 0.93 × 0.93 × 1 mm^3^, scan duration = 5′42″.

2.4. MR data processing {#s0030}
-----------------------

For each of the SWAN sequences acquired for QSM, both the real and imaginary parts of images obtained at each TE were saved and converted into phase and magnitude data. T2\*-weighted images were obtained by averaging the magnitude data from each individual echo. Phase data of each echo were pre-processed for Laplacian-based phase unwrapping ([@bb0155]; [@bb0225]) and V-SHARP background phase removal ([@bb0235]; [@bb0270]). χ maps were computed for each echo with the iLSQR method ([@bb0155]; [@bb0160]). For each of the two acquisitions, one final resultant χ map was generated by averaging the χ maps obtained from each individual echo ([@bb0055]; [@bb0050]).

2.5. Image analysis {#s0035}
-------------------

### 2.5.1. Qualitative imaging {#s0040}

Two neuroradiologists (Mi.C. and G.D., 27 and 8 years of experience) blinded to clinical information assessed the MR images of the SN of each subject.

According to a previously validated protocol ([@bb0045]), the nigral anatomy was evaluated on both sides along the rostrocaudal axis at the level of the inferior third of the RN (level I) and at the level of the superior cerebellar peduncles decussation (level II). SN anatomy was considered normal if characterized at level I by a medial homogeneous hypointense region and by a lateral hyperintense area (nigrosome 1) between two hypointense layers, and if a trilaminar organization (central hyperintense layer between two hypointense laminae) was detectable at level II. It was considered abnormal when the hyperintense lateral spots at level I or the three-layered organization at level II were absent in at least one side of the midbrain.

### 2.5.2. Quantitative imaging {#s0045}

Quantitative susceptibility values were obtained in Regions of Interest (ROIs). After radiological training on anatomical atlas, ROIs were manually drawn by two neurology residents on the χ maps of each subject by using the OsiriX software ([www.osirix-viewer.com](http://www.osirix-viewer.com){#ir0005}, version 9), as reported in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Summary of Regions of Interest (ROIs).In the upper row: on the left it is reported the axial susceptibility map image of the midbrain with two ROIs drawn on the medial and lateral part of the right SN at level I (SNImed and SNIlat, respectively); on the right, three ROIs are drawn on the ventral, intermediate and dorsal layer of right SN at level II (SNIIventr, SNIIint and SNIIdors, respectively).In the middle row: a susceptibility map image of the midbrain is shown in the coronal plane: ROI delineates the right subthalamic nucleus.In the bottom row: on the left the axial susceptibility map image passing trough the foramen of Monro shows ROIs surrounding the caudate, putamen, globus pallidus. On the right the axial susceptibility map image passing trough the midbrain shows the placement of a circular ROI at the level of the maximum diameter of the red nucleus and of a reference ROI in the sub-cortical white matter of the right occipital lobe (black dot).Fig. 1

Selection of ROIs was done according the patterns of neurodegeneration and selective tissutal loss described in neuropathologically confirmed cases of MSA and PSP ([@bb0065]; [@bb0110]; [@bb0265]). A limited number of nigral and extranigral regions was included taking into account the results of previous qualitative and quantitative MR studies conducted to compare PD patients and HC ([@bb0020]; [@bb0195]).

ROIs were drawn on the SN, following an established protocol ([@bb0045]) (SNImed, SNIlat, SNIIventr, SNIIint, SNIIdors), and on RN, STN, putamen, globus pallidus, caudate.

ROIs were drawn on both sides of each patient. A ROI used for reference was drawn in the sub-cortical white matter of the right occipital lobe. Relative susceptibility values (Δχ) for each ROI of each side were computed as the difference between the χ value of the selected ROI and the χ value of the reference ROI. The Δχ value of each ROI was then obtained as average of Δχ of both sides. The measured values of χ were expressed in parts per billion \[ppb\].

2.6. Statistical analysis {#s0050}
-------------------------

All statistical analyses were performed using IBM SPSS Statistics (Version 24).

Data in tables are expressed as mean ± standard deviation.

Clinical data among the three groups of patients (PD, MSA, PSP) were compared with Kruskal-Wallis test.

At qualitative evaluation, difference of the SN anatomy in the three groups of patients was tested using Fisher\'s Exact test.

Quantitative data were analyzed with non-parametric statistical tests: the Kruskal-Wallis test was used for the three-group comparison, followed by the ANCOVA test to investigate the role of age in inter-group differences of data; the Mann-Whitney *U* test was employed for the post-hoc two-group comparisons. The area under the curve (AUC) of the receiver operating characteristic (ROC) curve was used to evaluate diagnostic accuracy.

The correlations between clinical scores and Δχ values recorded in the brain regions of interest were evaluated with Spearman rank test.

The significance level in all statistical test was set to 0.05.

3. Results {#s0055}
==========

3.1. Study group {#s0060}
----------------

Sixty-five patients were included in the study: 36 were PD (26 males, 10 females), 14 were affected by MSA (12 males, 2 females) and 15 had a diagnosis of PSP (10 males, 5 females). Demographic and clinical data of study population are shown in [Table 1](#t0005){ref-type="table"}.Table 1Summary of demographic and clinical data.Table 1Study population (*n* = 65)QSM population (*n* = 60)Age (y)64.3 ± 8.863.9 ± 8.8Disease duration (y)4.1 ± 4.84.2 ± 4.9LEDD457.2 ± 435.9454.2 ± 445.8UPDRS II11.6 ± 7.111.5 ± 7.1UPDRS III24.4 ± 11.323.9 ± 10.9

PD patients were classified according to the clinical phenotype: 21 were PIGD, 10 were TD and 5 had a mixed phenotype. Disease duration was ≤5 years in 68.6% of cases, 1 year in 51,4% of subjects. Eight PD patients were drug-naive. H&Y median score was 2 (range 1--3).

In the MSA group, 7 patients were affected by c-MSA and 7 by p-MSA.

QSM images were available in 60 out of 65 patients (35 PD, 12 MSA, 13 PSP) because in 5 cases (1 PD, 2 MSA, 2 PSP) images were not processed due to movement artefacts or incomplete acquisition protocol.

Clinical data of the three groups were compared and significant differences (*P* \< .01) were found for age, UPDRS II and III. Mean age was significanlty higher in PSP than in PD and did not differ between MSA and PD and between PSP e MSA. Disease severity (UPDRS II and III sub-scores) was significantly greater in PSP than in PD (*P* \< .001) and in MSA than in PD (P \< .01) but no significant differences were observed between MSA and PSP ([Table 2](#t0010){ref-type="table"}).Table 2Three-group comparison of clinical data.Table 2PD (*n* = 35)MSA (*n* = 12)PSP (*n* = 13)Age61.0 ± 8.665.6 ± 8.170.3 ± 5.9[a](#tf0005){ref-type="table-fn"}P 0.002Disease duration4.7 ± 6.33.1 ± 1.93.8 ± 1.6nsLEDD467.8 ± 500.1415.5 ± 345.9451.5 ± 392.9nsUPDRS II7.1 ± 4.614.8 ± 5.319.5 ± 6.6[a](#tf0005){ref-type="table-fn"}P \< .001UPDRS III18.8 ± 7.927.2 ± 8.735.2 ± 10.6[a](#tf0005){ref-type="table-fn"}P \< .001[^1]

3.2. Conventional imaging results {#s0065}
---------------------------------

In the MSA and PSP groups the presence of conventional signs was recorded as follows: hot cross bun sign in 43% of c-MSA; pons atrophy in 13% of PSP and 43% c-MSA; cerebellar atrophy in 86% of c-MSA; MCP atrophy in 14% of p-MSA, 71% of c-MSA and 13% of PSP; MCP hyperintensity in 14% of p-MSA and 86% of c-MSA; putaminal atrophy in 71% of p-MSA and 29% of c-MSA; putaminal hypointensity in 100% of p-MSA, 43% of c-MSA and 7% of PSP; putaminal hyperintense rim in 29% of p-MSA; hummingbird sign in 87% of PSP; morning glory flower sign in 80% of PSP; hypeintensity of the superior cerebellar peduncles in 43% of c-MSA and 47% of PSP; atrophy of the superior cerebellar peduncles in 13% of PSP.

3.3. Qualitative brain imaging results {#s0070}
--------------------------------------

An abnormal anatomy of the SN was revealed in 31/35 PD patients (88,6%), in 11/12 MSA patients (91,7%) and 13/13 PSP patients (100%) and was not significantly different among groups (*P* \> .68).

The MSA patient with integrity of SN was affected by c-MSA.

3.4. Quantitative brain imaging results {#s0075}
---------------------------------------

The highest Δχ values were observed in SN, in particular in the SNImed.

At all SN levels the mean susceptibility values were higher in PSP than in PD and MSA, and in MSA with respect to PD. The highest putaminal Δχ was recorded in the MSA population.

QSM images targeted on basal ganglia, STN and RN of PD, MSA and PSP patients are shown in [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}. Values of Δχ for all ROIs considered in this study are reported in [Table 3](#t0015){ref-type="table"} and [Graph 1](#f0025){ref-type="fig"}: significant differences across patient groups were observed in SNImed, SNIIventr, RN, STN and putamen, with the effect of age being statistically controlled (non-significant) with ANCOVA.Fig. 2Axial QSM images passing through the foramen of Monro showing the caudate, putamen, globus pallidus comparing patients with PD (left), MSA (middle) and PSP (right). Window of susceptibility values: - 100, + 300 parts per billion (ppb).Fig. 2Fig. 3Axial QSM images passing through the midbrain at the level of the maximum diameter of the red nucleus comparing patients with PD (left), MSA (middle) and PSP (right). Window of susceptibility values: - 100, + 300 parts per billion (ppb).Fig. 3Fig. 4Coronal QSM images of the midbrain showing subthalamic nucleus and substantia nigra of patients with PD (left), MSA (middle) and PSP (right). Window of susceptibility values: - 100, + 300 parts per billion (ppb).Fig. 4Table 3comparison of mean relative susceptibility values (Δχ) in PD, MSA and PSP expressed as parts per billion (ppb).Table 3PD (n = 35)MSA (n = 12)PSP (n = 13)SNImed194.5 ± 52.1208.0 ± 51.2261.2 ± 46.3[a](#tf0010){ref-type="table-fn"}P 0.002SNIlat112.2 ± 27.4125.9 ± 39.2136.9 ± 30.2nsSNIIventr125.9 ± 32.0143.8 ± 39.2155.7 ± 34.4[a](#tf0010){ref-type="table-fn"}P 0.044SNIIint162.7 ± 33.3175.6 ± 43.7190.9 ± 38.5nsSNIIdors135.1 ± 33.1139.9 ± 37.5159.2 ± 38.3nsRN100.1 ± 26.0120.8 ± 17.3151.8 ± 26.8[a](#tf0010){ref-type="table-fn"}P \< .001STN108.1 ± 25.9134.0 ± 15.5149.3 ± 28.5[a](#tf0010){ref-type="table-fn"}P \< .001Pallidus92.0 ± 22.0101.0 ± 34.8101.6 ± 37.9nsPutamen65.9 ± 18.690.7 ± 23.0[a](#tf0010){ref-type="table-fn"}84.6 ± 23.6P 0.002Caudate47.8 ± 12.751.6 ± 9.650.8 ± 19.3ns[^2]Graph 1Comparison of mean susceptibility values of nigral (A) and extranigral (B) ROIs.The layout of columns corresponds to the layout of each ROI as reported in [Fig. 1](#f0005){ref-type="fig"}.STN: subthalamic nucleus; RN: red nucleus; SNImed: medial ROI of substantia nigra at level I; SNIlat: lateral ROI of substantia nigra at level I; SNIIventr: ventral ROI of substantia nigra at level II, SNIIint: intermediate ROI of substantia nigra at level II, SNIIdors: dorsal ROI of substantia nigra at level II; ppb: parts per billion; Δχ: relative susceptibility value.Graph 1

In MSA patients, Δχ values in putamen (P = .001), STN (*P* = .002) and RN (*P* = .011) were found to be higher than in PD patients ([Graph 1](#f0025){ref-type="fig"}).

In PSP patients, Δχ values in SNImed (*P* \< .001), SNIlat (*P* = .016), SNIIventr (*P* = .026), STN (P \< .001), RN (P \< .001) and putamen (*P* = .019) were found to be higher than in PD patients ([Graph 1](#f0025){ref-type="fig"}), and Δχ values in SNImed (*P* = .017) and RN (*P* = .006) were found to be higher than in MSA patients ([Graph 1](#f0025){ref-type="fig"}).

The diagnostic accuracy of the Δχ values of the different brain regions in diagnosing PD, MSA and PSP is reported in [Table 4](#t0020){ref-type="table"}, [Table 5](#t0025){ref-type="table"}, [Table 6](#t0030){ref-type="table"}. Δχ in RN had the best accuracy in differentiating PSP from both PD and MSA patients, and Δχ of putamen and STN had the best accuracy in differenciating PD from MSA patients.Table 4significant differences of mean relative susceptibility values (Δχ) and diagnostic accuracy in the comparison PD-MSA. AUC: area under the curve; CI: confidence interval.Table 4PD vs MSAAUCCI (95%)Putamen0.8180.693--0.943STN0.8080.682--0.934RN0.7790.640--0.918Table 5significant differences of mean relative susceptibility values (Δχ) and diagnostic accuracy in the comparison PD-PSP. AUC: area under the curve; CI: confidence interval.Table 5PD vs PSPAUCCI (95%)RN0.9290.850--1.000SNImed0.8650.751--0.978STN0.8530.727--0.979SNIlat0.8180.679--0.956Putamen0.7680.597--0.938SNIIventr0.7500.585--0.915Table 6significant differences of mean relative susceptibility values (Δχ) and diagnostic accuracy in the comparison MSA-PSP. AUC: area under the curve; CI: confidence interval.Table 6MSA vs PSPAUCCI (95%)RN0.8260.657--0.995SNImed0.7850.590--0.979

To explore possible differences between patients in the sub-group of p-MSA (*n* = 5) and those with PD and PSP, the analysis was repeated excluding the patients affected by c-MSA. The three group comparison confirmed Δχ significant differences in SNImed (P = .002), SNIlat (P = .017), SNIIventr (*P* = .029), STN (P \< .001), RN (P \< .001), putamen (P = .011). Significanlty higher values of Δχ were found in p-MSA than PD patients in SNIlat (*P* = .049), STN (P = .011), RN (*P* = .003) and putamen (*P* = .024).

3.5. Clinical correlations {#s0080}
--------------------------

Statistically significant positive correlations (*P* \< .05) emerged between disease severity, expressed as UPDRS subscore II-III, and magnetic susceptibility of SNImed, SNIlat, SNIIvent, STN, RN and putamen.

A significant positive correlation was observed also between age and disease severity: to evaluate the role of age, a partial correlation analysis was perfomed, and after the correction for age, significant correlations were confirmed between disease severity and Δχ in SNImed (*P* = .043), STN (*P* = .009), RN (*P* = .008) and putamen (*P* = .048).

In the PD group, the tremor score was significantly (P \< .05) correlated with the magnetic susceptibility of RN.

No significant correlations between Δχ and clinical data were found in MSA and PSP groups.

4. Discussion {#s0085}
=============

Conventional MRI signs described in parkinsonisms showed high specificity but low sensitivity, giving a limited support to clinical diagnostic criteria ([@bb0180]; [@bb0185]), and more recent studies evaluating the SN anatomy with SWI failed to demonstrate differences between PD and AP ([@bb0220]; [@bb0190]; [@bb0015]; [@bb0080]; [@bb0150]). According to previous studies, in our cohort of patients the qualitative evaluation of the SN showed the loss of the typical nigral structure in most cases without differences among the three groups ([@bb0220]), and the preservation of nigral anatomy in a few patients affected by c-MSA ([@bb0015]; [@bb0150]). Therefore, qualitative SWI approach does not seem capable of supporting differential diagnosis among parkinsonims.

On these premises we hypothesized that the quantitative approach could represent a possibile new tool for differential diagnosis, since the early phases of the disease. Quantitative data derived from conventional MR imaging of the brain includes linear, surface and volumetric measurements ([@bb0035]; [@bb0205]; [@bb0145]). Parkinsonian index ([@bb0215]) is the most accurate quantitative method based on the image surrogate of macroscopic pathological findings in AP. Nevertheless, the low sensitivity of these macroscopic findings at autopsy may limit the early diagnosis and suggests the need for imaging techniques sensitive to microstructural abnormalities which precede the appearence of regional atrophy ([@bb0180]). With this aim, we evaluated the potential use of QSM in the differential diagnosis between PD and the most commonly misdiagnosed AP: MSA and PSP.

The selection of ROIs was done on the basis of the neuropathological topography of each disease ([@bb0065]). SN was segmented in order to detect differences in terms of iron deposition mainly between its lateral and intermediate portion, commonly affected both in PD and MSA, and its medial part, in which a severe cell loss was demonstrated in PSP patients. Extranigral regions were selected, including upper structures that receive nigral projections and that are normally spared in PD, but significantly affected by neurodegeneration in AP. In order discriminate between forms of AP, additional midbrain ROIs were included to detect the midbrain extensive involvement typical of PSP pathology. Moreover we investigated the potential diagnostic accuracy of putamen, whose atrophy is common to both AP but preminent in MSA.

We observed increased values of magnetic susceptibility within nigral and extranigral regions in AP with respect to PD patients.

Distribution of susceptibility values did not reflect the physiological age-related pattern, characterized by maximum iron levels in the globus pallidus, followed by RN, SN and putamen ([@bb0105]).

Concerning the SN, as expected based on pathological data and in line with a reported 70% increase of iron content ([@bb0060]), we found the highest Δχ values at all levels in the PSP group. Iron distribution is not homogeneous within the SN of PSP patients and prevails mainly in the medial part. Moreover, Δχ values in the SNImed ROIs were significantly higher in PSP than in PD (*P* = .001) and MSA (*P* = .006). According to Fearney and Lees ([@bb0075]) the medial SN is the most affected nigral region in PSP patients even if neuronal loss is more diffuse and severe at all levels.

Neurodegeneration of midbrain structures in PSP patients occurs since the early phases of the disease and involves both neurons and glial cells, mainly oligodendrocytes ([@bb0065]; [@bb0070]). Our results confirm recent reports of massive iron deposition in PSP at the level of RN and support its remarkable role in differential diagnosis of AP ([@bb0240]). Indeed, we found increased values of Δχ in all midbrain structures in PSP patients compared to PD patients, but RN showed the highest differential iron concentration providing the highest diagnostic accuracy in the differential diagnosis PSP-PD (AUC: 0.929) and PSP-MSA (AUC: 0.826). Integrity of RN was reported in MSA, but recent evidence supports the presence of glial activation ([@bb0140]). Relationship between glial dysfunction and iron deposition is currently under debate in all degenerative parkinsonisms ([@bb0275]). We hypothesized that iron sensitive techniques could identify brain regions in which glial dysfunction is pronounced or precedes neuronal loss.

QSM is the preferred technique for the visualization of STN ([@bb0010]). Δχ of the STN is lower in PD compared to AP and has a good diagnostic accuracy in distinguishing PD from PSP (AUC: 0.853) and MSA (AUC: 0.808), but it did not enable to differentiate MSA from PSP.

While no significant differences of iron content were observed in caudate and globus pallidus, Δχ of putamen allowed to discriminate not only PD from MSA (AUC: 0.818) but also PD from PSP (AUC: 0.768). The highest values of putaminal iron content were recorded in the MSA group, confirming pathological data of severe involvement of this nucleus during the course of the disease. The increase of susceptibility in the putamen is detected also in the subgroup of patients with MSA-p who are more difficult to be clinically distinguished from PD. Consistent pathological involvement of the putamen is however known also in PSP patients ([@bb0065]). Our results seem to reflect the increased putaminal iron deposition demonstrated both in MSA and, to a lesser extent, in PSP patients (67% vs 36% with respect to controls) but not in PD subjects ([@bb0060]).

Correlations between disease severity and magnetic susceptibility of several nigral and extra-nigral structures were found even in the presence of a statistical control for age, supporting the hypothesis of a relationship between clinical worsening of parkinsonism and progressive increase of iron deposition.

In the PD subgroup we observed a relationship between tremor score and magnetic susceptibility of RN supporting the association between iron deposition in RN and TD phenotype ([@bb0090]).

To the best of our knowledge, only two studies have applied the QSM technique to compare patients affected by PD, MSA and PSP ([@bb0240]; [@bb0130]). Differently from previous studies, from a methodological point of view, we used QSM as a stand-alone technique to test the role of magnetic susceptibility in AP diagnosis; moreover, we used only 3 T MR data and excluded low magnetic field strength acquisitions because the latter are less sensitive to susceptibility phenomena and iron quantification. To compare groups of subjects avoiding susceptibility changes unrelated to structural changes we express the values of χ with respect to a reference region ([@bb0100]).

Our study has some limitations. The first one is the lack of a group of HC. However, since QSM is a quantitative method and accuracy of QSM in differential diagnosis between HC and PD patients was demonstrated in several recent studies ([@bb0020]; [@bb0195]; [@bb0005]), we explored directly the patterns of iron distribution in the different forms of parkinsonisms. Moreover, magnetic susceptibility changes that we observed in nigral and extranigral regions are concordant with the well-known pathological changes of these regions in AP rather than reflect physiological age-related iron deposition. Given the known relationship between age and tissutal susceptibility, the potential role of age as a confounding factor for the interpretation of our results was investigated. Our analysis included, as covariate, the effect of age, which was not significant, supporting the hypothesis that the statistically significant inter-group variability of Δχ is related to diagnosis.

A further limitation of the study is the limited number of MSA and PSP patients, mainly related to the low prevalence of these diseases but also to the clinical characteristics and rapid disease progression. Moreover clinical diagnosis was not confirmed longitudinally and, as well as the larger part of the studies concerning AP, we lack post-mortem pathological confirmation.

In our study QSM enables to infer the distribution of iron in nigral and extranigral regions of the brain that are in line with the pathological changes of the different forms of AP. However, the level of diagnostic accuracy of QSM is comparable to that of conventional imaging ([@bb0180]) or parkinsonian indexes ([@bb0215]). Nevertheless, the main goal of this technique should be to increase sensitivity ([@bb0180]) rather than specificity. For this reason, QSM should be tested longitudinally in early forms of undefined parkinsonism to assess if the different distribution of nigral and extranigral iron that we reveal in patients with AP is present also in the early phase of AP. The increased susceptibility of RN in PSP and putamen in MSA should be longitudinally evaluated in the early forms of AP to test QSM as an early marker of neurodegeneration. A univocal and automated method for QSM calculation is desirable before planning a longitudinal study that needs a large cohort of patients clinically followed for several years.

5. Conclusion {#s0090}
=============

According to our results, QSM provides information on the iron deposition in nigral and extranigral structures in AP and seems to be a promising tool in distinguishing PD from AP and MSA from PSP. The highest diagnostic accuracy for PSP was observed for RN, STN and medial part of the SN whereas in MSA the iron deposition was significantly higher in the putamen, according to the patterns of pathological involvement that characterize the different diseases.
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